Abstract. Laboratory results showing that the air-water gas transfer velocity k is correlated with mean square wave slope have been cited as evidence that a wave-related mechanism regulates k at low to moderate wind speeds [JShne et al., 1987; Bock et al., 1999] . Csanady [1990] has modeled the effect of microscale wave breaking on air-water gas transfer with the result that k is proportional to the fractional surface area covered by surface renewal generated during the breaking process. In this report we investigate the role of microscale wave breaking in gas transfer by determining the correlation between k and AB, the fractional area coverage of microscale breaking waves. Simultaneous, colocated infrared (IR) and wave slope imagery is used to verify that AB detected using IR techniques corresponds to the fraction of surface area covered by surface renewal in the wakes of microscale breaking waves. Using measurements of k and AB made at the University of Washington wind-wave tank at wind speeds from 4.6 to 10.7 m s -1, we show that k is linearly correlated with AB, regardless of the presence of surfactants. This result is consistent with Csanady's [1990] model and implies that microscale wave breaking is likely a fundamental physical mechanism contributing to gas transfer. 
Introduction
Air-sea gas exchange plays a crucial role in geochemical cycling, and a robust parameterization of the gas transfer velocity is needed to improve models of global fluxes [Sarmiento et al., 1992; Kattenberg et al., 1996 ].
The gas flux across an air-water interface is typically expressed as the product of the gas transfer velocity k and the difference between the gas concentration in the air and in the water. The magnitude of k for slightly soluble gases is determined by diffusion through a thin, spatially and temporally varying aqueous concentration boundary layer (CBL), whose thickness is a function of near-surface turbulence and molecular diffusivity. Because energy input from the wind is the primary force that drives air-sea exchange, k is often parameterized in terms of wind speed or wind stress. However, the dependence of k on these wind parameters has been shown to be a function of the concentration of surfacrants [Frew, 1997] [1987] suggested that microbreaking may significantly contribute to k at low to moderate wind speeds. For these wind conditions, k has been theorized to be controlled by enhanced renewal of the CBL in the turbulent wakes of microbreaking waves [Csanady, 1990] . Csanady [1990] 
where • is the fractional surface area covered by intense wave-induced surface divergence generated during the breaking process, • is a dimensionless constant, u, is the aqueous friction velocity, and $c = v/D is the Schmidt number, the ratio of the kinematic viscosity of water to the gas diffusivity in water. Assuming that A B is equivalent to the surface density of breaking-induced divergences •, then a test of (1) is to determine if k scales with A B.
Infrared (IR) imaging
Furthermore, if the transfer velocity within the wakes of microbreaking waves is significantly greater than that outside the wakes, k should be dependent on the fraction of the water surface covered by the wakes, which we have defined as AB. A simple partitioning of the contribution to k from the areas inside and outside of the wakes is k -ABkB + (1 --AB)ko, where k B is the transfer velocity within A B and k0 is the transfer velocity outside of A B. The surface renewal rate is central to determining kB and k0 and is expected to be variable, depending on the intensity of microbreaking and background turbulence. Determining the validity of (2) requires direct measurement of kB and k0, which is beyond the scope of this study.
However, if (2) is valid and kB >> ko, then k will be correlated with A B, and we can conclude that microbreaking contributes significantly to the gas transfer velocity. Csanady's [1990] result in (1) provides a point of reference for the model described in (2) and serves as a basis for scaling k using A8.
Simultaneous IR and Wave Slope Imagery
The ability to detect and quantify extended areas of surface renewal using passive IR imagery depends on the existence of a measurable temperature difference between the bulk water and the water surface, or skin. This bulk-skin temperature difference AT is a function of the net heat flux and the wind stress. When the net heat flux is from the water to the air, a cool skin layer is present, and a disruption that mixes water from below results in a warm surface signature. The most intense disruptions will produce the warmest signatures, with complete disruption resulting in a maximum temperature equal to the bulk temperature [Zappa et al., 1998 ].
In the laboratory we controlled the magnitude and sign of AT by heating the water so that it was roughly 10øC warmer than the air, which typically results in a AT of size and propagating downwind. The leading edge of the patch propagates with the steep forward face of the wave crest in the slope image. The trailing edge of the patch also propagates downwind but at a slower speed than the leading edge. If the threshold is lowered by choosing a smaller value for j, a larger area behind the crest is detected. If the threshold is raised by choosing a larger value for j, a smaller area behind the crest is detected, but the region at the forward face persists, since the leading edge is the warmest part of the patch.
The warm patches associated with individual waves are distinct, intense regions of surface renewal that are left behind by steep wind-generated waves. After the patches are generated, they decay into the background. Our observations imply that the distinct regions of warm water detected in the IR imagery that occur behind steep wind-wave crests are the turbulent wakes of microbreaking waves. If this true, then we can obtain a measure of the surface area affected by microbreaking As by applying a threshold to the IR images that outlines the large regions of warmest temperature.
In order to minimize the contribution to As from smallscale features not associated with microbreaking, the IR images are spatially filtered such that surface renewal events smaller than O(0.01 m) are not detected. Then As is the ratio of the area of the outlined regions to the total area of the image. For a useful range of thresholds we verified that the overwhelming majority of the detected area is due to the large, distinct patches of enhanced surface renewal that occur in conjunction with steep waves.
Measurements of Microbreaking Coverage and Gas Transfer Velocity
A detailed analysis of the measurements at Wallops Flight Facility is the subject of a forthcoming report. For the analysis in this paper we use measurements of As and k made in the wind-wave tank at the University of Washington Harris Hydraulics Laboratory. The tank is 9.1 m long, 1.2 m wide, and 0.9 m deep and is equipped with a wind flume, a wave-absorbing beach, and a water heater. The IR imagery was recorded using the previously mentioned imager. The facility is instrumented to measure the parameters listed in Table 1, which summarizes the conditions during the l a experiments in this study. Before each experiment the filtered tapwater in the tank was heated, and the surface was vacuumed to remove accumulated surface contaminants. Biological activity was minimized in all but two experiments by sterilizing the water with approximately 0.5 kg of sodium hypochlorite. As a further precaution against inadvertent surface contamination, the tank was drained, cleaned, and refilled on a weekly basis. For the controlled surfactant-infiuenced experiments, 1 g m -a of Triton X-100 was added.
During the measurements at Harris, AT was measured directly using bulk thermistors and calibrated IR radiometers. Therefore Tthresh was calculated using Tbase equal to the mean temperature of each image, Togset equal to the measured AT, and j = 0.1. Although wave slope measurements were not available in this facility, a comprehensive survey of the thresholded IR images showed that the area detected by the chosen threshold was consistently dominated by renewal due to microbreaking. Similar to the observations described in Figures 1 and 2 from the Wallops Flight Facility, the leading edge of the disturbed region in the IR images propagated at the phase speed of the dominant wave, and the scale of the patch was comparable to the dominant wavelength. The two experiments conducted using unsterilized water (shaded markers) also result in decreased As, suggesting the presence of surface-active material produced by biological activity. Bulk gas transfer velocities were determined for He and SF6 by supersaturating the water with the gases and measuring the decrease in their concentration over time [Asher et al., 1996] . Concentration measurements were made as a function of fetch and depth to verify that the tank was well mixed and homogeneous. Samples were drawn at three evenly spaced depths at the test section, which was located at 5 m fetch, and at 
Conclusion
We have found that the fraction of the surface area covered by microbreaking is linearly correlated with the gas transfer velocity. Furthermore, the correlation is unaffected by the presence of surfactants. This result is the first quantitative evidence that microbreaking is an important wave-related mechanism that influences the gas transfer velocity at low to moderate wind speeds. Using the IR signature of microbreaking to investigate the mechanism by which it contributes to gas transfer offers advantages over using wave statistics, such as slope, because the IR signature is a direct result of the renewal process that affects the gas flux. The widespread occurrence of microbreaking in nature suggests that its cumulative effect on air-sea gas exchange may be significant. However, the laboratory wave conditions for the wind speed range studied in these experiments may not be directly comparable to field conditions at similar wind speeds. Field measurements employing this remote-sensing technique should be made to determine the extent to which our results are applicable in the field.
